Hepatitis C virus (HCV) is a major cause of posttransfusion and community-acquired hepatitis in the world. The majority of HCV-infected individuals develop chronic hepatitis that may progress to liver cirrhosis and hepatocellular carcinoma (10) . Treatment options are limited, and a vaccine to prevent HCV infection is not available (14) .
HCV has been classified in a separate genus (Hepacivirus) of the Flaviviridae family. The virion contains a positive-strand RNA genome of approximately 9,600 nucleotides. The genome encodes a single polyprotein of 3,010 to 3,030 amino acids that is co-and posttranslationally processed by host and viral proteases into structural and nonstructural proteins. The HCV structural proteins comprise the core protein and the two envelope glycoproteins E1 and E2 (23) . HCV preferentially replicates in the cytoplasm of hepatocytes, but distinct HCV sequences have also been isolated from B cells and dendritic cells (1) . Several experimental systems have suggested that virus binding and entry are mediated by envelope glycoprotein E2. Using recombinant envelope glycoproteins (35) , HCV-like particles (HCV-LPs) (5), retroviral HCV pseudotype particles (HCVpp) (3) , and recombinant infectious virions (22, 48, 54) as model systems for the first steps of viral infection, CD81 (35) , scavenger receptor class B type I (SR-BI) (38) , dendritic cell-specific intercellular adhesion molecule 3 grabbing-nonintegrin (DC-SIGN) (25) , and the glycosaminoglycan heparan sulfate (HS) (2) have been identified as HCV receptor candidates.
HS comprises a family of linear polysaccharides located at the surface of mammalian cells and in the extracellular matrix. HS varies with respect to composition and quantity among different species, cell types, tissues, and the stage of cellular development. HS consists mainly of repeating disaccharide units [GlcA-GlcNAc] n , where GlcA is glucuronic acid and GlcNAc is N-acetylglucosamine. However, these saccharides undergo N deacetylation and N sulfation of the GlcNAc residues, O sulfation at various positions, and epimerization of GlcA to iduronic acid (12) . These secondary modifications give rise to an enormous structural diversity throughout the length of each chain. HS chains are attached to a core protein, forming a class of glycoproteins called proteoglycans. A number of studies have indicated the potential role of heparan sulfate proteoglycans (HSPGs) in the regulation of cell growth and transformation, differentiation processes, and cell adhesion. In hepatocytes, HSPGs are thought to bridge the extracellular matrix and the intracellular cytoskeleton (36) .
Microorganisms may take advantage of the widespread distribution of proteoglycans on cell surfaces by using them as ligands for their attachment to the target cell. For several viruses, including members of the Flaviviridae family such as dengue virus (9) , classical swine fever (18) , and tick-borne encephalitis viruses (28) , as well as herpes simplex virus 1 (40) , human herpesvirus 8 (7), papillomavirus (39) , and human immunodeficiency virus (46) , HSPGs provide primary docking sites for the initiation of viral infection. Recently, we have demonstrated that HCV envelope glycoprotein E2 binds to highly sulfated HS expressed on the cell surface of human cell lines (2) .
In this study, we mapped viral and cellular determinants of the HCV-HS interaction and demonstrate that binding of the viral envelope to a specific HS configuration represents an important step for the initiation of viral infection. Furthermore, we provide evidence that the HCV-HS interaction is targeted by antiviral host immune responses elicited during HCV infection in vivo.
MATERIALS AND METHODS
Reagents and cell lines. Recombinant carboxy-terminal-truncated envelope glycoprotein E1 (comprising amino acid [aa] 192 to 326) and E2 (aa 384 to 673) were generated using recombinant vaccinia viruses containing HCV envelope cDNAs of European HCV 1b isolate (BE11) and purified as described previously (26, 45) . HCV-LPs were synthesized and purified from insect cells infected with recombinant baculoviruses containing the cDNA of the HCV structural proteins of HCV strain H77c (genotype 1a) as described recently (49) . Control preparations were derived from insect cells infected with a recombinant baculovirus containing the cDNA for ␤-glucuronidase (49). HCV-LP E2 concentration was determined by an E2-specific enzyme-linked immunosorbent assay (ELISA) (11) . Heparin (bovine lung) was obtained from Merck Biosciences (Darmstadt, Germany). Kidney-derived normally sulfated HS and keratin sulfate were obtained from Sigma-Aldrich Corp. (Taufkirchen, Germany). De-2-O-sulfated, de-6-O-sulfated, de-N-sulfated, and fully N-sulfated heparin were purchased from Neoparin, Inc. (San Leandro, CA). Highly sulfated liver-derived HS was isolated as previously described (44) . Heparin oligosaccharides of 2, 4, 6, 8, 10, 14, and 20 subunits and control saccharide (decasaccharide containing the pentasaccharide antithrombin III-binding site) were synthesized or isolated as previously described (34, 43) . Mouse anti-E1 (11B7) and anti-E2 (16A6, 2F10, 917, and AP33) monoclonal antibodies (MAbs) have been described previously (11, 49) . Rabbit anti-E1 (R852) polyclonal serum was raised in a New Zealand rabbit immunized with a secretory form of HCV E1 glycoprotein (genotype 1b strain J4L6S [51] ; aa 197 to 334) as described previously (11) . Chimpanzee anti-E2 MAbs 49F3, 11F11, and 22E1 were generated by fusing peripheral B lymphocytes from a chimpanzee immunized with recombinant E2 protein (aa 412 to 715) with the K6H6/B5 fusion partner (ATCC CRL-1832) for 11F11 and 22E1 and with SP2/0 (ATCC CRL-1581) as a fusion partner for 49F3 (immunoglobulin G1 [IgG1] isotype). Generation of rabbit anti-E2 (R646) polyclonal serum has been described previously (11) . Human IgG was purchased from Binding Site (San Diego, CA). Sera from 12 patients with chronic HCV infection were obtained from the Department of Medicine II, University of Freiburg, Freiburg, Germany. All patients were serologically negative for hepatitis B virus and human immunodeficiency virus infection. Purification of human IgG from anti-HCV-positive sera and -HCV-negative control sera has been described previously (41) . The origin and maintenance of human hepatoma cell lines HepG2 and Huh-7, mouse hepatoma cell line Hepa 1-6, and 293T human embryo kidney cells have been described previously (2, 3, 49) . Human HeLa cells were kindly provided by M. Nassal (Department of Medicine II, University of Freiburg, Freiburg, Germany). The origin and maintenance of human immortalized OKF6 oral keratinocytes kindly provided by O. Opitz (Department of Medicine II, University of Freiburg) have been described previously (32) .
Analysis of HCV envelope protein-heparin binding by SPR. Surface plasmon resonance (SPR) analysis allowing a direct quantitative analysis of label-free molecular interactions in real time was used to characterize envelope protein E1-and E2-heparin interaction. SPR measurements were performed on a BIAcore 3000 system (BIAcore AB, Uppsala, Sweden) using the BIAcore 3000 version software. Immobilization of heparin-bovine serum albumin (BSA) on a flat carboxymethylated surface and binding of HCV envelope glycoproteins to heparin surface were performed as described previously (2) . In brief, measurement of heparin-envelope protein interaction was performed as follows. Different dilutions of recombinant E1 and E2 in phosphate-buffered saline (PBS: 10 mM sodium phosphate, 137 mM NaCl, 2.7 mM KCl at pH 7.4) containing 0.05% betaine were injected (30 l) at a flow rate of 10 l/min. At the end of the sample injection, the same buffer flowed over the sensor surface to facilitate dissociation. After a 3-min dissociation time, the sensor surface was regenerated by injection first with 10 l of 2 M NaCl and then with 10 l of glycine-HCl, pH 2, and 10 l of 50 mM NaOH (BIAcore) to get a fully regenerated surface.
Mapping of viral epitopes interacting with HS using an envelope-heparin binding assay. Ninety-six-well ELISA plates pretreated by plasma polymerization (EpranEx; Plasso Technology Ltd., Portobello, Sheffield, United Kingdom) (27) were coated with 1 g of heparin (Merck Biosciences) in PBS per well. After incubation overnight at room temperature, the plates were blocked with SAB buffer (100 mM NaCl, 50 mM NaAc, 0.2% Tween, pH 7.2) containing 1% BSA for 1 h at room temperature. HCV envelope glycoproteins E1 and E2 (1 g/ml) were preincubated with anti-envelope MAbs (50 g/ml), control IgG (50 g/ml), purified IgG from HCV-infected patients (500 g/ml), or IgG from healthy individuals (500 g/ml) for 1 h at room temperature. Subsequently, envelope glycoprotein-antibody complexes were added to the well for 1 h at room temperature. Heparin-bound envelope glycoproteins were detected by the addition of rabbit anti-E2 (R646) or anti-E1 (R852) polyclonal antibodies and horseradish peroxidase-conjugated goat anti-rabbit IgG secondary antibody. Proteinbound antibodies were detected by colorimetry as described previously (6) .
Mapping of cellular determinants of HCV envelope-HS interaction using recombinant envelope glycoproteins and HCV-LPs. Hepatoma cells (1.5 ϫ 10 5 cells/100 l) were incubated with recombinant envelope protein E1 (10 g/ml) or E2 (2.5 g/ml) or HCV-LPs (corresponding to 0.25 g HCV-LP E2/ml) for 1 h at 4°C as described recently (2) . Ligand concentrations used in the assay corresponded to the concentration required for half-maximal saturation of ligand binding to target cells (2) . Following removal of nonbound viral proteins by washing with PBS, cell-bound ligands were detected by flow cytometry using mouse anti-E1 (11B7) or anti-E2 (16A6) and phycoerythrin (PE)-conjugated anti-mouse IgG as described previously (2) . To assess whether binding of viral proteins was inhibited by soluble glycosaminoglycans (GAGs), viral proteins were incubated with GAGs, chemically modified heparins, or heparin oligosaccharides (10 g/ml) for 30 min at room temperature prior to the addition to the cells as described previously (2) .
Binding and entry of retroviral HCVpp. HCVpp derived from H77C and HCV-J strains (genotypes 1a and 1b) were synthesized as described previously (3) . To exclude that nonassembled envelope glycoproteins were detected in the HCVpp binding assay, HCVpp were purified by ultracentrifugation through a 20% sucrose cushion in an SW55 Ti Beckman rotor (30,000 rpm, 2.5 h, 4°C) prior to their use in binding studies (3) . Cellular binding of sucrose gradient-purified HCVpp was analyzed by flow cytometry using anti-E2 (16A6) MAb as described above. To analyze whether infection of HCVpp was blocked by soluble GAGs, HCVpp were preincubated with GAGs (10 g/ml) for 30 min. Then, Huh-7 cells were washed with ice-cold PBS and HCVpp-GAG complexes were added to cells for 1.5 h at 4°C, allowing binding of HCVpp-GAG complexes to cells. After washing of cells with PBS, Huh-7 cells were incubated for 72 h at 37°C and HCVpp entry as described previously (3) . To study whether soluble GAGs interfered with early steps of HCVpp entry following viral attachment (postbinding events), Huh-7 cells first were incubated with HCVpp for 1 h at 4°C, washed with ice-cold PBS to remove unbound HCVpp, and then incubated with soluble GAGs (10 g/ml) for another 1.5 h at 4°C. After washing of cells with PBS, temperature was shifted to 37°C, and HCVpp entry was measured 72 h later as described above.
To study neutralization of HCVpp infection by anti-HCV IgG antibodies, HCVpp were preincubated with purified human anti-HCV or control IgG (500 g/ml), anti-E2 MAb (50 g/ml), or control antibody (50 g/ml) for 1 h at room temperature. HCVpp-antibody complexes were then added to the cells for 2 h at 37°C. After being washed with PBS to remove unbound HCVpp, Huh-7 cells were incubated for 72 h at 37°C and HCVpp entry was assessed as described previously (3).
RESULTS
HCV envelope-HS binding is mediated by both viral envelope glycoproteins E1 and E2. Several lines of evidence have demonstrated that envelope glycoprotein E2 mediates binding of the virus to the host cell (13, 37) . In line with these observations, we have previously demonstrated that HS represents a key molecule mediating binding of E2 to the cell surface. To study the role of HCV envelope glycoprotein E1 for interaction of the complete viral envelope with HS, we analyzed whether E1 binds heparin-a close structural homologue of highly sulfated HS expressed in various forms on the surface of defined cells and extracellular matrices, including hepatocytes (36) .
To characterize the affinity of the E1 interaction with the HS homologue heparin, SPR analysis was performed. SPR allows a direct quantitative analysis of label-free molecular interactions in real time. As shown in Fig. 1A , E1 bound in a concentration-dependent manner to the heparin biosensor surface. E1-heparin association was demonstrated by the biosensor chip response following the initiation of sample injection. The resonance signal increased in a dose-dependent manner from approximately 32 resonance units (RU) at 50 nM to 236 RU at 400 nM. Assuming a 1:1 interaction (Langmuir model) between the immobilized ligand (heparin) and soluble analyte (E1 protein), the calculation of the kinetic parameters for E1-heparin binding revealed a dissociation constant (
Compared to E2-heparin binding, this affinity was about 10-fold lower ( Fig. 1B ; K D of E2 5.2 ϫ 10 Ϫ9 ). It would be informative to have for comparative purposes functional E1-E2 complexes (20) analyzed in the same way. However, this approach is not easily feasible, since large quantities of highly purified E1-E2 heterodimers for SPR analysis are not readily available.
Next, we analyzed whether cellular binding of E1 was mediated by cell surface HS. As shown in Fig. 2 , E1 exhibited a dose-dependent and saturable binding to human hepatoma cell lines HepG2 and Huh-7 ( Fig. 2A) . Cellular binding of E1 to HepG2 and Huh-7 was significantly lower when compared to binding of E2 to target cells ( Fig. 2A) . To address the specificity of HCV envelope glycoprotein binding to human hepatoma cells, we studied the ability of HCV envelope glycoproteins to bind to human nonliver cell lines (HeLa, OKF6, and 293T) and non-human liver cells (mouse hepatoma Hepa 1-6) in a side-by-side analysis. Whereas human hepatoma cell lines were characterized by high-level binding of HCV envelope glycoproteins, human nonliver and non-human liver cell lines were characterized by absent or low-level binding of E1 and E2 glycoproteins (Fig. 2B) . Binding of envelope glycoproteins appeared to be more pronounced to Huh-7 than to HepG2 cells (Fig. 2B ). Since human liver-derived cell lines as well as human hepatocytes are characterized by cell surface expression of highly sulfated HS (2, 47) , this comparative analysis of envelope glycoprotein binding provides further evidence that highly sulfated HS expressed on human hepatoma cell lines may contribute to cellular HCV binding.
HS homologue heparin as well as liver-derived highly sulfated HS-but not kidney-derived normally sulfated HS or chondroitin sulfate A-markedly inhibited cellular binding of recombinant E1 to HepG2 ( Fig. 2C and D) and Huh-7 cells (Fig. 2D) , respectively. Interestingly, the magnitude of cellular binding of envelope glycoproteins E1 and E2 correlated with their affinity to the HS homologue heparin. These results suggest that cellular binding of the viral envelope is mediated by an interaction of HS with both glycoproteins E1 and E2.
Envelope-HS interaction is mediated by a specific HS configuration that includes N-sulfo groups and a minimum of 10 to 14 saccharide subunits. The structural complexity of HS in various tissues and species arises from an extensive series of modifications during HS biosynthesis. These modifications include the introduction of N-sulfo groups into glucosamine residues and O-sulfo groups into glucosamine or iduronic or glucuronic acid residues (12) . To identify the relevance of these modifications for the envelope-HS interaction, we performed envelope glycoprotein binding experiments using chemically modified heparins as competitors. This approach has been successfully applied to map cellular determinants of HS for respiratory syncytial virus infection (16) . As shown in Fig. 3 , preincubation of recombinant envelope glycoproteins E1 and E2 with fully N-sulfated heparin or de-2-O-sulfated heparin and de-6-O-sulfated heparin markedly inhibited binding of viral envelope proteins to hepatoma cells. In contrast, de-Nsulfated heparin almost completely lost its ability to inhibit binding of recombinant envelope glycoproteins to hepatoma cells. Since the use of C-terminally-truncated recombinant E1 and E2 protein as a surrogate ligand for virus binding may be limited by the fact that the proper conformation of the envelope proteins requires coexpression of both proteins, we studied HCV envelope-HS interaction using HCV-LPs. In contrast to individually expressed recombinant E1 and E2 proteins, HCV-LP envelope glycoproteins are presented as an E1/E2 heterodimer expressed from a full-length E1/E2 cDNA (49) . Using HCV-LPs as an HCV surrogate ligand for cellular binding, similar results were obtained (Fig. 3) . These results strongly suggest that the presence of N-sulfo groups in HS is required for efficient HCV envelope-HS binding.
To study whether the HCV-HS interaction requires a defined HS oligosaccharide length, we analyzed the effect of defined heparin oligosaccharides with different chain lengths (di-to eicosasaccharide) on the inhibition of envelope glycoprotein binding to hepatoma cells. For purified recombinant E2 protein, a marked inhibition of binding required a minimum oligosaccharide chain length of 10 subunits (Fig. 4B) . In contrast, E1 binding to hepatoma cells was only partially inhibited by a 20-subunit oligosaccharide (40% inhibition) (Fig.  4C) . The minimum heparin oligosaccharide chain length that resulted in more than 50% inhibition of cellular HCV-LP binding (containing both envelope glycoproteins E1/E2 on the particle surface) was a 14-subunit oligosaccharide (Fig. 4A) .
Mapping of viral epitopes mediating HCV-HS interaction. To identify key viral epitopes mediating HCV envelope-HS interaction, we developed an envelope-HS binding assay using immobilized HS homologue heparin as a capture antigen based on a previously established ELISA (2) . In this assay, heparin is noncovalently immobilized at the bottom of the ELISA plate (27) , serving as a surrogate molecule for highly sulfated HS on the cell surface. Using this envelope-heparin binding assay, we quantified binding of recombinant envelope glycoproteins to heparin in the presence of monoclonal antienvelope antibodies directed against defined viral epitopes. In contrast to model systems using cell lines for cellular bindingexpressing several different envelope binding molecules such as CD81, SR-BI, and HS-the envelope-heparin binding assay allows us to specifically study the interaction of the HCV envelope glycoproteins with HS homologue heparin. Since we had identified E2 as the major envelope glycoprotein mediating envelope-HS binding ( Fig. 1 and 2) , we focused on the identification of E2 epitopes required for the envelope-HS interaction. Preincubation of E2 with defined anti-E2 monoclonal antibodies resulted in a marked inhibition of E2 binding to immobilized heparin, allowing us to map viral epitopes involved in the binding of the virus to cell surface HS (Fig. 5A) . (Fig. 5A) Fig. 5B ). These results identify at least four viral epitopes mediating envelope-HS interaction and confirm the specificity of E2-HS binding.
Since the ability of an anti-E2 antibody to inhibit heparin-E2 binding did not correlate with the affinity of the same antibody to recombinant E2 protein, as studied by E2 ELISA (data not shown), it is unlikely that the observed inhibition of binding is predominantly due to sterical hindrance. Sterical hindrance is also very unlikely following the observation that antibodies targeting epitopes in close proximity exhibited a very different profile in the inhibition of E2-heparin binding. For example, antibody 49F3 targeting aa 516 to 530 exhibited a marked inhibition of E2-heparin binding, whereas antibody 22E1 targeting aa 544 to 555 did not inhibit E2-heparin binding (Fig. 5) .
To assess whether binding of the identified E2 epitopes to HS is relevant for the initiation of HCV infection, we studied whether the identified antibodies capable of blocking E2-heparin binding inhibited viral entry of HCVpp. Interestingly, three anti-E2 MAbs inhibiting E2-HS binding also inhibited HCVpp entry into human hepatoma cells (Fig. 5A ). These data suggest that binding of HCV to heparan sulfate mediated by viral epitopes E2 398-403 , E2 412-423 , and E2 516-530 plays an important role in the initiation of HCV infection.
analyzed by flow cytometry using a mouse anti-E1 (11B7) or anti-E2 (16A6) MAb, respectively, and PE-conjugated anti-mouse IgG. On the y axis, net mean fluorescence intensity (⌬MFI) values for each protein concentration were calculated by subtracting the MFI of negative controls (cells incubated in PBS without envelope protein and the addition of anti-envelope MAb and PE-conjugated anti-mouse IgG antibodies) from that obtained with cells incubated with envelope proteins at the concentration indicated on the x axis. Data are shown as mean ⌬MFI Ϯ standard deviation (SD) of three (E1 and E2 at 50 and 100 g/ml) or four (all other envelope protein concentrations) experiments. Significant differences in ⌬MFIs obtained for E2 versus E1 binding are indicated by asterisks ‫,ء(‬ P Ͻ 0.05; ‫,ءء‬ P Ͻ 0.01; ‫,ءءء‬ P Ͻ 0.001 [determined by two-tailed t test]). (B) Binding of E1 and E2 to human hepatoma (Huh-7 and HepG2), human nonhepatoma (293T, HeLa, and OKF6), and mouse hepatoma (Hepa 1-6) cell lines. Cells were incubated with recombinant envelope glycoproteins (2.5 g/ml), and cellular binding of envelope glycoproteins was quantified by flow cytometry in side-by-side experiments as described in panel A. ⌬MFI Ϯ SD of a representative experiment performed in triplicate is shown. (C) Flow cytometry histograms of E1 binding to Huh-7 cells (black line, unshaded peak) in the presence of soluble GAGs. Recombinant E1 protein was preincubated with PBS, chondroitin sulfate A (CSA), normally sulfated HS (HS), highly sulfated HS (hsHS), or heparin (each at 10 g/ml) for 30 min at room temperature. E1-GAG complexes were added to cells, and cellular binding of E1 was quantified by flow cytometry as described for panel A. Background fluorescence (gray-shaded peak) corresponds to cells incubated without envelope protein. 
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HCV-HS binding is targeted by anti-envelope antibodies from patients with chronic HCV infection.
To study the potential impact of HCV-HS binding on HCV infection in vivo, we studied whether HCV-HS interaction is targeted by human antiviral humoral immune responses. Using the envelope-HS binding assay, we quantified binding of recombinant envelope glycoproteins to heparin in the presence of anti-HCV antibodies from sera from HCV-infected individuals.
Preincubation of E2 protein with anti-HCV antibodies from HCV-infected individuals resulted in a marked inhibition of E2-heparin binding in 5 out of 12 HCV-infected patients (Fig. 6A,  pt2, pt5, pt8, pt11, and pt12) . The inhibition was concentration dependent and specific for sera containing anti-HCV antibodies since IgG from anti-HCV-negative individuals did not inhibit E2-heparin binding (Fig. 6B) (data not shown) . To further address the specificity of the ELISA for antibody-mediated inhibition of heparin-E2 binding, we performed a series of control experiments. Since the addition of purified anti-HCV IgG derived from HCV-infected patients or control IgG derived from healthy individuals to immobilized E2 did not result in an alteration of the optical density (OD) of the colorimetric reaction when compared to the detection of E2 without the addition of supplementary IgG (data not shown), it is unlikely that serum-derived IgG interfered with binding of the primary (polyclonal rabbit anti-E2) or secondary (anti-rabbit IgG) detection antibody to E2 or anti-E2, respectively. To study whether the E1-heparin interaction was also affected by anti-HCV antibodies from human sera, we studied binding of E1 in the presence of anti-HCV IgG (Fig. 6A) . In contrast to findings for antibody-mediated inhibition of the E2-heparin binding, only a modest antibody-mediated inhibition of E1-heparin binding could be demonstrated for one patient (Fig.  6A, pt10) . Similar to the findings observed for inhibition of E1/E2-heparin binding by monoclonal antibodies, inhibition of antibody-mediated envelope glycoprotein-heparin binding did not correlate with the affinity of the purified IgG to recombinant envelope glycoproteins (data not shown). Thus, it is unlikely that the observed inhibition of binding is predominantly due to sterical hindrance by binding of the antibody to the envelope protein. More likely, anti-HCV antibodies specifically interfere with the HCV envelope-HS interaction.
To address the relevance of this finding for antibody-mediated virus neutralization, we studied whether the ability of antibodies to inhibit envelope-heparin binding correlated with the ability of the antibody to neutralize HCVpp infection. Interestingly, all polyclonal anti-HCV antibodies markedly inhibiting HCV envelope-heparin binding strongly inhibited HCVpp entry into Huh-7 cells (inhibition of HCVpp entry of Ͼ25%; Fig. 6A ). Although this correlation was not present for all anti-HCV antibodies, these findings suggest that HCV infection results in the induction of neutralizing antiviral anti- (1 g/ml) was preincubated with the anti-E2 MAbs or IgG (50 g/ml) for 1 h at 37°C and then added to ELISA plates coated with heparin (10 g/ml). Heparin-bound E2 was detected using a polyclonal anti-E2 rabbit serum and colorimetric reaction as described in Materials and Methods. Results are shown as percent inhibition of E2-heparin interaction. Data are shown as mean percent inhibition of E2-heparin binding Ϯ standard deviation (SD) obtained from three independent experiments. (B) Concentrationdependent inhibition of E2-heparin binding by anti-E2 antibodies. Recombinant E2 protein (1 g/ml) was incubated with anti-E2 monoclonal antibody 2F10 (squares) or 49F3 (diamonds) or with control IgG (open triangles) at various concentrations for 1 h at 37°C. E2-antibody complexes were added to heparin immobilized on plates, and the E2-heparin interaction was analyzed as described above. The OD of the colorimetric reaction is proportional to heparin-bound E2. Results are presented as mean OD Ϯ SD of a representative experiment performed in triplicate.
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bodies recognizing viral epitopes required for envelope-HS binding.
HCV-HS binding is required for the initiation of viral infection.
To study the functional relevance of HCV envelope-HS interaction for the initiation of viral infection, we performed competition experiments using retroviral HCVpp displaying functional envelope glycoproteins on their surface (3). This experimental system has been shown to be a convenient and powerful model for the study of the first steps of HCV infection. Similar to previously published results (3, 4, 17) , HCVpp only infected Huh-7 cells (Fig. 2B) . As described previously, the nonpermissiveness of HepG2 cells to HCVpp infection is due to a lack of CD81 expression required for postbinding events (4, 17) . As shown in Fig. 7A , HCVpp entry into Huh-7 cells was markedly inhibited by heparin and highly sulfated HS but not normally sulfated HS and chondroitin sulfate A, suggesting that the interaction of HCV glycoproteins with cellular HS contributes to the initiation of HCV infection.
To assess whether highly sulfated HS acts predominantly as a cell surface molecule for viral binding or represents a coreceptor for viral entry following attachment of the viral envelope, we studied the impact of soluble GAGs on HCVpp binding and postbinding steps. As shown in Fig. 7B , HCVpp binding to Huh-7 cells was markedly inhibited by heparin and highly sulfated HS. In contrast, envelope-dependent HCVpp binding was not affected by preincubation of HCVpp with normally sulfated HS and chondroitin sulfate A (Fig. 7B) . To exclude that the HCVpp preparation contained nonassembled envelope glycoproteins interfering with HCVpp-GAG interaction, HCVpp had been partially purified by sucrose gradient centrifugation prior to their use in entry and binding studies. Next, we studied whether soluble GAGs interfered with viral entry mechanisms following viral attachment (temperaturedependent postbinding events). Therefore, we incubated Huh-7 cells with HCVpp at 4°C and then added soluble GAGs to bound HCVpp and assessed temperature-dependent HCVpp entry following a shift of the temperature to 37°C. As shown in Fig. 7C , addition of highly sulfated HS following cellular HCVpp binding resulted in a partial inhibition of HCVpp entry.
Taken together, these data suggest that highly sulfated HS is an important molecule for binding of the viral envelope to the cell surface, as shown in Fig. 7B , and may contribute to viral entry in concert with other cell surface molecules such as CD81 and SR-BI, as shown in Fig. 7C .
DISCUSSION
HS is a common cell surface receptor for numerous viruses, and defined sequences are believed to determine host cell specificity (31) . In this study, we demonstrate that (i) binding of the HCV envelope glycoproteins to a specific HS structure on host cells is an important step for the initiation of viral infection and (ii) this interaction represents an important target of antiviral host immune responses in HCV infection in vivo.
Viral determinants of the HCV-HS interaction. Extending our previous findings that HCV envelope glycoprotein binding to target cells requires cell surface HS, we now demonstrate that the interaction of the viral envelope is mediated by both envelope glycoproteins E1 and E2. Similar to findings for envelope glycoprotein E2, highly sulfated HS played an important role in mediating binding of E1. Although recombinant soluble E1 had a lower affinity for immobilized heparin in SPR assays than E2 (Fig. 1 ) and E1 exhibited a significantly different cellular binding profile from E2 ( Fig. 2A) , the functional differences of E1 and E2 envelope glycoproteins may not be directly extrapolated to the in vivo situation, where E1 is likely to be in a different conformation as a complex with E2.
Through mapping studies using a panel of monoclonal antienvelope antibodies and a biochemical assay for HCV-HS binding, we have demonstrated that HCV envelope binding to HS was predominantly mediated by four viral epitopes overlapping the E2 hypervariable region 1 (HVR1) and E2-CD81 binding domains. A number of studies have been undertaken to define binding sites of proteins to the HS homologue heparin (for review, see reference 31). Heparin binding motifs frequently contain clusters of one, two, or three basic amino acids, such as arginine and lysine. However, the absence of heparin binding motifs in many other heparin binding proteins suggests that linear patterns of amino acids may not be necessary. Instead, proteins could use a similar spatial structural motif to bind heparin efficiently, in which the basic residues are close in space but not necessary close in amino acid sequence (29) . The E2 sequence contains a number of arginine, lysine, and histidine residues scattered across the protein but not clustered to suggest a conventional binding motif to heparin or highly sulfated HS. Our mapping studies identified two additional heparin binding sites (E2 [480] [481] [482] [483] [484] [485] [486] [487] Interestingly, we observed a strong correlation between antibody inhibition of E2-HS binding and antibody inhibition of HCVpp entry for all monoclonal anti-envelope antibodies with the exception of anti-E2 antibody 11F11 (Fig. 5A) . It is possible that the epitope (E2 480-487) ) targeted by this antibody is not sufficient for binding of the virion during HCV infection in vivo. Alternatively, steric hinderance occurring in the E2-heparin ELISA may explain the lack of functional correlation within the two assays.
HCV virions from chronically infected patients (15, 53) as well as tissue cell culture-derived recombinant HCV (HCVcc) have been shown to bind efficiently to heparan sulfate homologue heparin (T. Wakita, K. Morikawa, T. Date, M. Miyamoto, A. Murayama, S. Sone, and N. Tanabe, 12th Int. Meet. Hepatitis C Virus Related Viruses, presentation P-146, 2005). Furthermore, this high-affinity interaction can be used to purify HCV virions from plasma or tissue culture medium using heparin-Sepharose columns (15, 53; Wakita et al., 12th Int. Meet. Hepatitis C Virus Related Viruses). These observations clearly underline the relevance of our findings for the authentic HCV virion.
In this context, it is of interest to note that Callens et al. (8) observed an interaction only of intracellular but not extracellular detergent-solubilized HCVpp envelope glycoproteins with heparin coupled to Sepharose beads. Whether this lack of interaction of extracellular HCVpp envelope glycoprotein is due to technical aspects of the assay system (e.g., alteration of envelope glycoprotein conformation by the use of detergent) is currently under investigation.
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Cellular determinants of the HCV-HS interaction.
Binding of viral or cellular ligands to HS depends on defined patterns and orientations of the sulfo and carboxyl groups along the polysaccharide chain (31) . Heparin is distinguished from HS by much higher levels of N-and O-sulfo groups containing an average of 2.4 sulfo groups/disaccharide unit. Detailed analysis of the composition and organization of liver HS has revealed a remarkable proportion of heparin-like structures. A combination of high N-and O-sulfo group contents in liver HS is translated to a total sulfate content of 1.3 sulfo groups/disaccharide, which is 50% higher than those for most HS species (47) . In recent years, numerous HS biosynthetic enzymes have been identified which are involved in the modification of the HS chain (12) . These modifications include 2-O sulfation of iduronic and glucuronic acid, N sulfation of glucosamine, as well as 6-O sulfation and 3-O sulfation of glucosamine (12) . Here we provide evidence that N sulfation, but not 2-O and 6-O sulfation, is required for HCV envelope-HS interaction. This conclusion is supported by two key observations: (i) chemically modified, de-N-sulfated heparin lost its ability to block cellular binding of recombinant envelope glycoproteins; and (ii) both de-2-O-and de-6-O-sulfated heparins retain their ability to block cellular binding of HCV envelope glycoproteins, indicating that these sulfate groups are not important for binding of the HCV envelope. These findings support the conclusion that specific sulfate groups on cellular HS rather than the total level of sulfation may be important for mediating HCV-host cell interaction. Besides the involvement of N-sulfate groups, the size of the saccharide chain appears to play an important role in efficient viral protein-HS binding. Heparin oligosaccharides of less than 10 subunits failed to inhibit binding of envelope glycoprotein E2 to target cells. For HCV-LPs, marked inhibition of cellular binding (Ͼ50%) was observed for a 14-subunit oligosaccharide. These findings indicate that the interaction of envelope glycoproteins with highly sulfated HS on target cells is not simply the result of charge interactions but requires a specific HS structure. Interestingly, similar findings have been reported for the interaction of HS with other viruses (9, 16, 24) .
Functional relevance of HCV-HS binding. To study the functional relevance of HCV envelope-HS interaction for the initiation of HCV infection, we performed competition experiments using HCVpp (3). Infectious HCVpp that are assembled by displaying unmodified HCV envelope glycoproteins on retroviral core particles have been successfully used for studies of HCV internalization. Similar to HCVcc (22, 48, 54) , this model closely mimics the first steps of natural HCV infection (3, 17) . Entry of HCVpp is dependent on the presence of at least two cell surface molecules, the tetraspanin CD81 and scavenger receptor SR-BI. However, the failure of HCVpp or HCVcc to infect human cell lines of nonhepatic origin expressing both CD81 and SR-BI on their cell surface (4) suggests that additional cell surface molecules determine viral tropism in natural HCV infection. In this study, we provide evidence that highly sulfated HS may play an important role in the initiation of HCV infection in the HCVpp model of HCV infection. The marked and specific inhibition of cellular HCVpp binding and partial inhibition of HCVpp entry by highly sulfated HS and heparin suggest that highly sulfated HS (i) is an important molecule for binding of the viral envelope to the cell surface and (ii) may contribute to viral entry in concert with other cell surface molecules such as CD81 and SR-BI. This hypothesis is supported by results obtained at the same time in the infectious tissue culture system using recombinant HCV. Koutsoudakis and colleagues reported a dose-dependent inhibition of infection of HCVcc by heparin-a homologue of highly sulfated HS-but not by normally sulfated HS and other GAGs (19) . Furthermore, selective enzymatic degradation of highly sulfated HS domains present on cell surface HS by specific heparinases markedly reduced HCVcc infectivity (19) . Similar to our results obtained in the HCVpp model system, heparin inhibited HCVcc infection only when administrated during virus binding and not afterwards. The authors of this study concluded that the presence of defined glycosaminoglycans such as highly sulfated HS is required for efficient viral particle attachment and consequently contributes to virus invasion (19) . Taken together, these findings suggest that highly sulfated HS may play a key role in the initiation of HCV infection. Interaction of HCV envelope glycoproteins with cellular highly sulfated HS seems to mediate the first step of binding the viral envelope to the cell surface. In a second step, the virus may then be transferred to a second high-affinity receptor such as CD81 or SR-BI, triggering viral entry.
Interference with the HCV-HS binding by anti-HCV antibodies strongly suggests that this interaction plays an important role in HCV infection in vivo. Interestingly, several anti-HCV-positive human sera markedly inhibiting HCV envelope-heparin interaction also demonstrated a marked inhibition of HCVpp entry into Huh-7 cells, suggesting that HCV infection results in the induction of antiviral antibodies targeting envelope-HS binding. Antibodies without correlation between inhibition of E2-HS binding and antibody inhibition of HCVpp entry (e.g., anti-HCV IgG derived from pt9 in Fig. 6 ) may target the interaction of the HCV envelope with other cell surface molecules (e.g., SR-BI, CD81) or interfere with virus-host interactions on steps occurring postbinding.
Finally, mapping of viral and cellular determinants of HCV-HS interaction sets the stage for the development of novel HS-based antiviral strategies targeting viral attachment and entry. The systematic generation and screening of small anionic drugs, heparin-like molecules, and semisynthetic derivatives (30) are currently being explored for the inhibition of dengue virus infectivity. In mouse models for dengue virus and the encephalitis flaviviruses, the HS mimetic PI-88 (52) showed a significant benefit with respect to disease outcome (21), supporting the evaluation of glycosaminoglycan derivatives as antiviral drugs in vivo.
